A micro air vehicle is a flight system being designed for operation within urban environments. Such vehicles are small and highly agile but often have limited control authority. This paper investigates the use of morphing as an effector to provide control authority. Simple mechanisms for morphing are designed to twist the wings of a 24 in vehicle and to curl the wings of a 12 in vehicle. Flight tests show the morphing is an excellent strategy to command roll maneuvers. The resulting vehicles are relatively easy to fly and consequently are suitable for autopilot design and mission deployment.
Introduction
The role of aircraft is continually evolving to adapt to new missions. An area of particular interest is operation within urban environments. For example, a flight system that could fly within the confines of a city to monitor the presence of biological agents would be highly beneficial. Such a flight system would provide rapid detection and map infected regions without requiring a team of response personnel to be assembled and endangered. Thus, the flight test community is aggressively pursuing flight systems that are small and highly agile with autonomous capability [8] .
The concept of a micro air vehicle (MAV) is an especially attractive option for the missions of interest. These vehicles are loosely defined by characteristics such as wingspan less than 6 in and airspeeds less than 25 mph. Their small size enables them to maneuver between buildings while their airspeed enables them to
The University of Florida has developed a family of micro air vehicles that are relatively mature [9] . The vehicles are constructed using carbon fiber for the fuselage and plastic membrane for the wings. This construction is lightweight and strong with good aerodynamic properties; however, control surfaces are not easily included with the membrane wings. As such, the vehicles are highly agile but have limited control authority [17] .
The use of innovative control effectors is an area being explored as an enabling technology for achieving mission capability. The current generation of MAVs uses traditional effectors, specifically an elevator and rudder, whose positions are commanded by a remote pilot. The elevator presents adequate effectiveness for longitudinal control but the rudder presents some difficulty for lateral-directional control.
The concept of morphing presents several opportunities for enabling control of a MAV [18] . Morphing is particularly appealing for twisting the wing and enabling roll control. Wing twist is actually used on the current MAV but in a passive sense. Essentially, the wing deforms under loading in flight to produce a passive washout that helps smooth the flight path. Such a concept can be extended to allow greater twists that are actively commanded to generate large roll moments. This paper considers using morphing for roll control on two members from the family of flexible-wing MAV designs. These vehicles have a 24 in and 12 in wing span. The 24 in vehicle is morphed by rotating a torque rod to cause wing twist. The 12 in vehicle is morphed by pulling threads to cause increase in twist along with decrease in span. In each case, the mechanism for morphing is quite simplistic but is certainly sufficient for investigating the control issues related to morphing. Flight tests show that indeed the morphing provides significant control authority for roll maneuvers.
Micro Air Vehicles
The University of Florida has been extremely active in the field of MAV design and testing. The team led by Dr. Peter Ifju is especially accomplished in that they have won various aspects of the Micro Aerial Vehicle Competition, sponsored by the International Society of Structural and Multidisciplinary Optimization, each year from 1999 to 2003. His team has designed, built, and flown many unique designs.
The current generation of MAV is based on a flexiblewing design [9] . Members of this family have been generated with wingspan ranging from 4 in to 30 in. The vehicles have excellent flight mechanics and are able to operate at very high angle of attack [16] . These vehicles are being used for several studies including aerodynamics [15] and vision-based control [7] .
Most of the MAVs currently being flown at the University of Florida have a similarity; namely, these aircraft are demonstrably difficult to fly. Such difficulty is somewhat expected given that the aircraft are highly agile and maneuverable but rudder and elevator are the only control surfaces available. The rudder mainly excites the dutch roll mode so steering and gust rejection are really accomplished using the coupled roll and yaw motion resulting from dutch roll dynamics. Such an approach is obviously not optimal but traditional ailerons are not feasible on this type of aircraft. This paper will consider morphing as a control effector for a pair of micro air vehicles with different dimensions. The MAV shown in Figure 1 , with a 24 in wingspan, and the MAV shown in Figure 2 , with a 12 in wingspan will be used to demonstrate morphing for control. The airframes are constructed entirely of composite carbon-fiber. Each fuselage is a two-piece monocoque structure designed to house flight components, control effectors, and instrumentation. The 12 in MAV has a conventional empennage which is fixed to the fuselage with elevator control surfaces which are hinged to the horizontal stabilizers. On the 24 in MAV, the control surfaces are the elevator and rudder surfaces which are hinged to the horizontal and vertical stabilizers respectively.
The wings are constructed using similar composite techniques as the fuselage and empennage. The leading edge consists of carbon-fiber weave with battens of unidirectional carbon attached to the underside and extending to the trailing edge. The composite wing on the 12 in MAV skeleton is covered with an extensible membrane skin of latex rubber. The covering on the wing of the 24 in MAV consists of a membrane skin of thin translucent plastic. In each case, the battens provide the strength needed to support the air loads while the membrane provides the lifting surface.
The design of the wings was optimized to minimize weight; however, certain biological properties can be associated with them. For instance, the battens act similarly to a skeleton for birds and insects while the membrane can be associated with feathers or skin. Flying creatures in nature make use of the resultant flexibility to maximize their flight performance. For the MAV, such flexibility is actually used already in a passive sense. The flexible nature of the wing gives rise to the mechanism of adaptive washout which permits small changes in wing shape in response to gusty wind conditions. Actuation of the MAV control surfaces is accomplished with two control effectors or servos mounted inside the fuselage. These devices actuate the control surfaces by rotating an arm and pushing or pulling the pushrod. The control surfaces of the elevator and rudder are connected to the servo using a spring steel pushrod. The approximate range of motion for each is given in Table 1 DAS has the capability to record 27 analog channels which is sufficient for the current sensor package. The data is sampled at 50 to 100Hz and is resolved using a 12-bit analog-digital converter. The data is recorded in a 4 MB flash chip on-board the DAS and is downloaded to a PC at the end of each flight. Also, each vehicle uses an electric motor for propulsion. The duration of flights varies depending on the amount of batteries that are mounted in the fuselage and the power setting of the motor. In general, flights up to 10 minutes are easily achieved for the 12 in MAV and up to 15 minutes for the 24 in MAV.
Morphing
The concept of morphing is not, strictly speaking, a well-defined idea. A morphing aircraft is generally accepted to be an aircraft whose shape changes during flight to optimize performance [18] . Such changes might include span, chord, camber, area, thickness, aspect ratio, planform and any other metric related to shape. The morphing can even be applied to a control surface to eliminate hinges [14] .
The use of morphing as a control effector is obviously quite common. The most famous example is probably the Wright flyer with which the pilot used cables to twist the wings. More recent examples include aircraft with variable sweep such as the F-14.
The continuing maturation of materials and controls technology is leading to consideration of more extreme types of morphing for control. Aircraft can be morphed in several biologically-inspired way that are appropriate for control. For instance, birds have very complex wing shapes during flight with large variations in sweep and twist along the entire span. Furthermore, the span itself changes based on flight condition for many birds. The complicated morphing is actuated using joints, such as elbow and wrist, along with the feathers to achieve many wing shapes.
Programs by DARPA and NASA have been extensively studying the concept of morphing. These studies have shown the aerodynamic benefits; however, the use of morphing for control design has not been studied extensively. The limited research into control has actually considered static issues. An aircraft with morphing has been shown to have good performance when fixed at different configurations [3] . Control was considered for morphing in a related study but only considered the amount of actuation energy needed to cause morphing [10] . The amount of control authority was also studied for smart materials embedded in a structure in the context of steady-state open-loop controlled flight [5] .
The issue of control design for morphing systems has partly been overlooked because of the lack of experimental testbeds. Many mechanisms for morphing have been constructed but they are not yet implemented on a flight vehicle. NASA has constructed a wing with morphing camber [6] . A set of smart spars has been built that provide many types of morphing [1] . Mechanisms have also been built such as a telescoping spar to morph aspect ratio [2] and an inflatable actuator to change sweep [12] . In each case, the mechanisms are too heavy for a flight system so only wind tunnel testing of a static mount has been performed. An inflatable concept has actually been taken to flight [4] but the morphing is a single one-time inflation so is not used for maneuvering control.
A project particularly relevant to the study of morphing for control is the F/A-18 Active Aeroelastic Wing (AAW) [13] . The AAW is using wing twist to alter the aeroservoelastic dynamics and generate roll moments. The morphing is actually a passive effect resulting from moving leading-edge surfaces of the flexible wing. That testbed used a simple mechanism to generate morphing in order to study the resulting loads and control issues.
A MAV is an especially appropriate platform for consideration of morphing. The flexibility of the membrane enables the shape of the wings to be easily changed. The resulting change will obviously affect the dynamics and act as an effector to provide control authority. As such, the morphing of a MAV adds very little cost but provides tremendous benefit. This paper will consider simple strategies to provide morphing to emphasize control issues. Essentially, the methods of morphing are not considered as much as the dynamics of morphing.
in MAV with Morphing Aircraft
A type of morphing is applied to the MAV with 24 in wing span shown in Figure 1 . This vehicle consists of a carbon composite frame with a plastic membrane skin wing. The original construction includes a rudder and elevator as control surfaces. The basic properties of the 24 in MAV are given in 
Morphing
A simple strategy is used to induce morphing for this MAV. A torque rod lies along each wing extending from servos in the fuselage as shown in Figure 3 . The rods are sewn into the leading edge of the membrane so movement of the rod causes movement of the membrane. The effect of the morphing is seen to act as a wing warping. Essentially, the chord, along which the outer part of the torque rod lies, rotates around the leading edge. This rotation changes the twist along the span. The leading edge remains mostly affected but the trailing edge clearly undergoes significant changes.
The morphing is actually quite similar in nature to ailerons. The outboard portion of the trailing edge rotates when using either traditional ailerons or this type of morphing. Also, the use of a pair of torque rods allows the morphing to act equal and opposite on each wing.
Vehicle Development
This MAV was originally constructed to demonstrate flight characteristics of a 24 in vehicle. Several flights were made using only the rudder and elevator as control effectors. The plane was somewhat difficult to fly but basic maneuvering was clearly achieved. After this demonstration, the vehicle was retired in the baseline configuration.
The concept of using torque rods for morphing was conceived as a generic type of control effector. The 24 in MAV was selected for the study because it was large enough and readily available. The installation merely required mounting servos in the fuselage, drilling holes in the bulkhead, connected torque rods, and finally sewing the rods into the membrane wing.
The initial flight of the vehicle immediately showed outstanding flight performance. Roll maneuvers were easily performed in response to morphing commands. The controllability resulting from the morphing was sufficient so that no further types of morphing were considered.
Flight Characteristics
Flight testing of the active wing-shaping 24 in MAV is performed in the open area of a radio controlled (R/C) model field during which wind conditions range from calm to 7 knots throughout the flights. Once the flight control and instrumentation systems are powered and initialized, the MAV is hand-launched into the wind. This launch is an effective method to quickly and reliably allow the MAV to reach flying speed and begin a climb to altitude.
This airplane is controlled by a pilot on the ground who maneuvers the airplane visually by operating an R/C transmitter. The data acquisition system begins recording as soon as the motor is powered.
This aircraft design allows either rudder or wing shaping to be used as the primary lateral control for standard maneuvering. The airplane is controlled in this manner through turns, climbs, and level flight until a suitable altitude is reached. At altitude, the airplane is trimmed for straight and level flight. This trim establishes a neutral reference point for all the control surfaces and facilitates performing flight test maneuvers.
Open-loop data is taken to indicate the flight characteristics of the MAV. Specifically, the rates and accelerations are measured in response to doublets commanded separately to the servos. Several sets of doublets are commanded ranging in magnitude and duration to obtain a rich set of flight data.
The dynamics of the MAV in response to rudder commands is investigated to indicate the performance of the traditional configuration for this MAV. A representative doublet command is shown in Figure 5 . The roll rate and yaw rate measured in response to this command are shown in Figure 6 and Figure 7 . The roll rate is sufficiently large and indicates the rudder is able to provide lateral-directional authority; however, the yaw rate is clearly larger than desired. Actually, the yaw rate is similar in magnitude to the roll rate so the lateral-directional dynamics are very tightly coupled. The effect of the rudder in exciting the dutch roll dynamics is clearly evidenced in this response. The roll rate in Figure 9 and yaw rate in Figure 10 are measured in response to the doublet. These measurements indicate the roll rate is considerably higher than the yaw rate. Thus, the morphing is clearly an attractive approach for roll control because of the nearly-pure roll motion measured in response to morphing commands. 
Modeling
The data from open-loop flights is then used to approximate a linear time-domain model using an ARX approximation [11] . This model is generated by computing optimal coefficients to match properties observed in the data. The assumption of linearity is reasonable since the maneuvers are small doublets around a trim condition.
The resulting model, having poles at -4.95 and -0.1194, is used to simulate responses of the aircraft. The simulated and measured values of roll rate are shown in Figure 11 while the measured and simulated values of yaw rate are shown in Figure 12 . The simulated responses show good correlation with the actual data. The model is thus considered a reasonable representation of the aircraft. The existence of such a model is important for future design of autopilot controllers but it is also valuable for interpreting the morphing. Essentially, the ability to identify a linear model with poles relating to the roll convergence and spiral convergence modes indicate the aircraft with morphing acts like an aircraft with ailerons.
Analysis
The flight characteristics of the vehicle are actually quite impressive to view. The measurements of roll rate and yaw rate indicate the mathematical nature of the characteristics; however, a qualitative evaluation is also quite useful. Such an evaluation is best achieved in association with step commands given to each servo. The step to the rudder causes the airplane to roll but the coupled yaw results in a flight path similar to a corkscrew spiral. Conversely, the step to the morphing causes the airplane to roll with a minimum of yaw so the flight path is nearly a straight line. In other words, the morphing induces almost pure roll and allows much more accurate tracking of desired flight paths.
Also, the morphing results in considerably high roll rates than the rudder. This result is quite interesting given that the rudder deflection is quite large but the morphing, as shown in Figure 4 , does not cause overly large deflection. Thus, a small amount of morphing is sufficient to cause a dramatic response from the aircraft.
in MAV with Morphing

Aircraft
A type of wing morphing is also applied to the 12 in MAV shown in Figure 2 . The basic properties of this vehicle are given in Table 3 The vehicle is actually designed specifically to investigate morphing. As such, the only control surface is an elevator. Control authority for lateral-directional dynamics can only be provided by augmenting the vehicle with a morphing strategy.
Morphing
The 12 in MAV is designed to allow for a more complicated type of morphing than is used for the 24 in MAV. The wings of this smaller vehicle are constructed from latex whereas the wings of the larger vehicle are constructed from mylar. Consequently, the wings of the smaller vehicle are considerably more flexible, and thus easier to morph, than the wings of the larger vehicle. This flexibility allows simple mechanisms to again be appropriate for generating morphing and allow control issues to be investigated.
The high flexibility of the wings for this MAV allow consideration of morphing beyond simply warping. More specifically, this vehicle is used to consider morphing that affects the twist and span of the wings. A torque rod, as used for the 24 in MAV, would clearly not be appropriate for such a morphing. Instead, the rod was replaced with threads.
The morphing strategy for this MAV is shown in Figure 13 . Kevlar threads are strung between a servo in the fuselage and points near the outboard of the wings. These threads are incredibly strong and the minor stress received during flight is not sufficient to cause any stretching.
Figure 13: Wing with Kevlar Threads
The morphing achieved by this strategy is directly dependent upon the attachment points of the threads. The attachment of the threads to the fuselage is near the leading edge of the wings. The corresponding attachment to the wings is actually at separate points. One attachment point is near the mid-chord point at the wing-tip outboard. Another attachment point is the trailing edge near the two-thirds span location.
The morphing that results by actuating the servo is shown in Figure 14 . The servo rotates and causes the threads to pull against the attachments on the wing. The morphing resulting from this strategy is clearly beyond simple warping. In this case, the pulling of the threads toward the leading-edge attachment at the fuselage causes the wing to both twist and bend. The effect is similar in nature to a curling of the wings. The basic parameters that are readily observed to change are the twist, camber, chord, and span. The morphing is designed for a biologically-inspired effect. The displacement of the wing resembles shapes observed in birds like gulls. For instance, the bending along the span is concentrated around a single point which correlates to the elbow in birds. The twist is concentrated near the trailing-edge outboard which correlates with the feathers near the wrist of birds. A more formal approach to this concept is being designed by NASA but but this current vehicle is sufficient to investigate control issues [6] .
Only a single wing is altered in Figure 2 . The vehicle actually contains separate servos for each wing that allow the morphing to act simultaneously on both wings; however, this paper will restrict attention to morphing a single wing. The current objective is to study roll control but the longitudinal issues will be investigated in the future.
Also, this vehicle is ideal for the focus of this paper. Specifically, the morphing strategy is quite simple but the morphing effect is complicated. This approach allows the control issues associated with morphing to be easily studied. The vehicle is not designed to study the optimal strategies for morphing; rather, the vehicle is designed to study the optimal strategies for control.
Vehicle Development
The initial implementation of this morphing strategy was originally attempted on a MAV with 10 in span. That vehicle, like the current vehicle, has latex covering on the wings so was very easy to morph in flight. The 10 in MAV was chosen for the initial study because it was already constructed and could be readily adapted for the new study. The flights of that vehicle were quite promising and clearly indicated the morphing provided better control authority than a rudder.
A new vehicle was constructed to be slightly large because the equipment needed for closed-loop controlled flight would not fit within the fuselage of the 10 in vehicle. This new 12 in vehicle was essentially a scaled version of the original vehicle except for the wing construction. The original version had a single structure for the wings that mounted atop the fuselage. The new version had separate wings that attached to posts on each side of the fuselage.
The first flights of the 12 in MAV indicated a problem with the wing construction. Namely, a single layer of carbon fiber for the leading edge was not sufficient. The 10 in MAV used a single layer for the leading edge but the wing was a single structure and thus had enough stiffness. The 12 in MAV had separate wings so the stiffness was noticeably less. The first flights of the new MAV resulted in the leading edge folding over and collapsing when loads were applied. A second layer of carbon fiber was applied to the leading edge near the root to alleviate this problem.
The next set of flights of the 12 in MAV indicated a problem with the thread connection. The morphing of the 10 in MAV used only a single thread attached to the outboard of the trailing edge and this style was used for the 12 in MAV. Unfortunately the battens on the larger MAV were spaced farther apart than on the smaller MAV so the wing was weaker. The leading edge on the 12 in MAV would now remain properly shaped but the trailing edge would collapse when loaded. This problem was circumvented by attaching a second thread to the trailing edge of the wing and allowing the morphing actuation to provide strength to support the loads.
Flight Characteristics
Flight testing of the 12 in MAV is performed similarly to the 24 in MAV. Namely, the MAV is hand launched into the incoming wing for takeoff, the airplane climbs to altitude, the pilot trims the vehicle, and maneuvers about trim are performed.
This MAV is then tested by commanding doublets to the morphing servos. A representative doublet command is shown in Figure 15 . The units of this command are just count commands to the servo because the actual deflection caused by morphing is difficult to quantify. The responses to the morphing doublets are measured by the on-board data acquisition system. The roll rate is presented in Figure 16 and the yaw rate is presented in Figure 17 . The roll rate is clearly correlating well with the commanded doublet and demonstrates the morphing is capable of commanding roll maneuvers. The yaw rate is somewhat more difficult to understand. Notably, the aircraft builds up yaw rate approximately 0.5 seconds after the onset of the doublet command. This flight characteristic results from the single-sided nature of the morphing. Essentially, the wing that is morphed loses lift but also increases drag. The loss of lift immediately causes rolling and the increase of drag causes a slight delay in building up the yaw rate.
Modeling
A linear model is identified from the flight data. A 6-state model was originally identified but reduced to a 3-state model with poles at -7.521 and § A @ C BD E 0 F H G Ï P F Q B R E 0 @ P S . The simulated responses of this model are compared with measured values of roll rate in Figure 18 and yaw rate in Figure 19 . The responses of the model are reasonably close to the measured responses. The roll rate shows a good correla-tion although the yaw rate is somewhat less accurate. The model contains a roll convergence mode which, based on the accuracy of roll simulations, is accepted. The model also contains a dutch roll mode which attempts to capture the dynamics associated with yaw rate. The inability of this mode to represent the yaw dynamics may indicate some nonlinearity is associated with the vehicle. Such nonlinear dynamics would not be unexpected given the extreme nature of the morphing and the asymmetry resulting from morphing a single wing.
Conclusion
This paper has demonstrated that morphing can be an effective means to achieve roll control for a micro air vehicle. The flexible nature of the wings enables their shapes to be easily altered. Simple mechanisms, such as a torque rod and Kevlar threads, are used on a 24 in MAV and a 12 in MAV. In each case, the vehicle was flown using morphing as the primary effector for roll maneuvers. The flight data clearly shows the morphing produces significant roll rates and provides significant controllability.
